Helicobacter pylori is adapted to life in a unique niche, the gastric epithelium of primates. Its promoters may therefore be different from those of other bacteria. Here, we determine motifs possibly involved in the recognition of such promoter sequences by the RNA polymerase using a new motif identi®cation method. An important feature of this method is that the motifs are sought with the least possible assumptions about what they may look like. The method starts by considering the whole genome of H. pylori and attempts to infer directly from it a description for a family of promoters. Thus, this approach differs from searching for such promoters with a previously established description. The two algorithms are based on the idea of inferring motifs by¯exibly comparing words in the sequences with an external object, instead of between themselves. The ®rst algorithm infers single motifs, the second a combination of two motifs separated from one another by strictly de®ned, sterically constrained distances. Besides independently ®nding motifs known to be present in other bacteria, such as the Shine-Dalgarno sequence and the TATA-box, this approach suggests the existence in H. pylori of a new, combined motif, TTAAGC, followed optimally 21 bp downstream by TATAAT. Between these two motifs, there is in some cases another, TTTTAA or, less frequently, a repetition of TTAAGC separated optimally from the TATA-box by 12 bp. The combined motif TTAAGCÂ(21 AE 2)-TATAAT is present with no errors immediately upstream from the only two copies of the ribosomal 23 S-5 S RNA genes in H. pylori, and with one error upstream from the only two copies of the ribosomal 16 S RNA genes. The operons of both ribosomal RNA molecules are strongly expressed, representing an encouraging sign of the pertinence of the motifs found by the algorithms. In 25 cases out of a possible 30, the combined motif is found with no more than three substitutions immediately upstream from ribosomal proteins, or operons containing a ribosomal protein. This is roughly the same frequency of occurrence as for TTGACAÂ(15-19)TATAAT (with the same maximum number of substitutions allowed) described as being the s 70 promoter sequence consensus in Bacillus subtilis and Escherichia coli. The frequency of occurrence of the new motif obtained, TTAAGCÂ(19-23)TATAAT, remains high when all protein genes in H. pylori are considered, as is the case for the TTGACAÂ(15-19)TATAAT motif in B. subtilis but not in E. coli.
Helicobacter pylori is adapted to life in a unique niche, the gastric epithelium of primates. Its promoters may therefore be different from those of other bacteria. Here, we determine motifs possibly involved in the recognition of such promoter sequences by the RNA polymerase using a new motif identi®cation method. An important feature of this method is that the motifs are sought with the least possible assumptions about what they may look like. The method starts by considering the whole genome of H. pylori and attempts to infer directly from it a description for a family of promoters. Thus, this approach differs from searching for such promoters with a previously established description. The two algorithms are based on the idea of inferring motifs by¯exibly comparing words in the sequences with an external object, instead of between themselves. The ®rst algorithm infers single motifs, the second a combination of two motifs separated from one another by strictly de®ned, sterically constrained distances. Besides independently ®nding motifs known to be present in other bacteria, such as the Shine-Dalgarno sequence and the TATA-box, this approach suggests the existence in H. pylori of a new, combined motif, TTAAGC, followed optimally 21 bp downstream by TATAAT. Between these two motifs, there is in some cases another, TTTTAA or, less frequently, a repetition of TTAAGC separated optimally from the TATA-box by 12 bp. The combined motif TTAAGCÂ(21 AE 2)-TATAAT is present with no errors immediately upstream from the only two copies of the ribosomal 23 S-5 S RNA genes in H. pylori, and with one error upstream from the only two copies of the ribosomal 16 S RNA genes. The operons of both ribosomal RNA molecules are strongly expressed, representing an encouraging sign of the pertinence of the motifs found by the algorithms. In 25 cases out of a possible 30, the combined motif is found with no more than three substitutions immediately upstream from ribosomal proteins, or operons containing a ribosomal protein. This is roughly the same frequency of occurrence as for TTGACAÂ (15) (16) (17) (18) (19) TATAAT (with the same maximum number of substitutions allowed) described as being the s 70 promoter sequence consensus in Bacillus subtilis and Escherichia coli. The frequency of occurrence of the new motif obtained, TTAAGCÂ(19-23)TATAAT, remains high when all protein genes in H. pylori are considered, as is the case for the TTGACAÂ(15-19)TATAAT motif in B. subtilis but not in E. coli.
Introduction
Helicobacter pylori is a Gram-negative, spiralshaped pathogenic bacterium. It speci®cally colonizes the gastric epithelium of primates and is the etiologic agent of chronic gastritis (Blaser, 1992) . The properties of the bacterium associated with host and various environmental factors can cause gastritis to progress, over a period of years, to more severe diseases. Such diseases include peptic ulcer, gastric lymphoma, gastric atrophy and carcinoma (Correa, 1995; McColl, 1996) . The RNA polymerase s factor of H. pylori, related to s 70 , is a s 80 polymerase, and its 4.2 region differs substantially from that of other bacteria, in particular Escherichia coli. The RNA polymerase itself is b-b H fusioned. These observations suggest that H. pylori promoters may also be different. Furthermore, H. pylori operons are known to be dif®cult to express in E. coli (Beier et al., 1998) . We therefore tried to identify motifs possibly involved in the recognition of H. pylori promoter sequences by the RNA polymerase.
The whole genome of H. pylori (containing 1,667,867 bp) was completely sequenced at TIGR and the result published in July 1997 (Tomb et al., 1997) . The set of sequences we extracted from the genome corresponds to all the non-coding regions on both strands located upstream from the genes (according to TIGR's annotation). The algorithm presented here attempts to infer a description for a family of promoters directly from the chosen set of sequences. This approach is different from a search for promoters by similarity with a previously established description (based, for instance, on some biological experimental evidence frequently acquired by analysing other organisms) (Chen et al., 1995; Helmann, 1995; Stormo, 1990a,b) .
Previous purely algorithmical methods for inferring conserved motifs, such as promoters, from a set of sequences fall into two main categories. The ®rst comprises the statistical approaches that try to locate DNA-binding sites by maximizing the value of some function of the quantity of information present in the site (Bailey & Elkan, 1995; Baldi et al., 1994; Cardon & Stormo, 1992; Crowley et al., 1997; Krogh et al., 1994; Lawrence et al., 1993; Lawrence & Reilly, 1990; Stormo, 1990a,b; Stormo & Hartzell, 1989) . This is in some way related to the quantity of conservation in the site. Due to the complexity of the problem and the size of the search space to be explored, none of these methods is exhaustive. They are often also sensitive to the presence of excessive noise in the data.
The second category of algorithms are motifbased methods. The oldest algorithms proceed by generating all possible words of length w for some reasonable value of w (Galas et al., 1985; Mengeritsky & Smith, 1987; Queen et al., 1982 , Waterman, 1984 ; they become impractical when searching for longer motifs (typically of length greater than ten base-pairs), or a combination of small ones. Such algorithms frequently make the assumption that the studied sequences have been pre-aligned on the basis of some biological criterium, for instance, the start of transcription (Galas et al., 1985) . None of the more recent algorithms allows for errors, and all may therefore ®nd only perfectly conserved motifs (Ulyanov & Stormo, 1995; van Helden et al., 1998) . Some authorize a small number either of wild-cards, e.g. of positions in the sites where any base is permitted, or of degenerate letters (e.g. purine, pyrimidine, etc.) (Fraenkel et al., 1995; Ulyanov & Stormo, 1995; Worlfertstetter et al., 1996) . One algorithm (Fraenkel et al., 1995) also allows for spacers, that is, for a variable number of wild-cards inside a motif. The total length of sequence such spacers may cover is, however, limited. It cannot, for instance, bridge the optimal distance of 15 to 19 bp that separate the two promoter sequences recognized by the s 70 family of some bacterial RNA polymerases. These sequences are believed to be present around positions À10 and À35 upstream from the start of transcription (Record et al., 1996) .
The promoters in prokaryotes are, in general, known to be a combination of at least two cooperating motifs separated from one another by strictly de®ned, sterically constrained distances. However, there is no method available, other than the heuristical EM-based approach (EM, Expectation Maximization) of Cardon & Stormo (1992) to infer a combination of motifs in a single pass of the algorithm from a set of unaligned, potentially noisy sequences. We propose an algorithm which allows such inferences to be made.
Here, we also suggest a combined motif for the promoter sequences involved in the binding of the s 80 family of RNA polymerases in H. pylori. A preliminary analysis of the genome performed at TIGR has shown (Tomb et al., 1997) that the bacterium has possibly only three types of s factors, and therefore of promoter families: s
80
, s 54 and s
28
. The ®rst family is the most frequently observed in all well-studied bacteria. The motif we propose for the s 80 family is supported by some simple statistical considerations and by the fact that it is present upstream from genes which are in general very well expressed. It is also in agreement with the experimental results independently obtained by Wosten et al. (1998b) in a related organism, Campilobacter jejuni.
Results

Overview of the approach
Two different algorithms were used to infer conserved motifs in a set of unaligned sequences. The two are based on the idea of inferring motifs by comparing words in the sequences to an external object. This object is a word over the same alphabet as that of the sequences that satis®es the following general property: it must be present with at most e errors in at least a percentage q of the sequences of the set, where e and q are userde®ned values. Parameter q is called a quorum; the only errors authorized here were substitutions. The ®rst algorithm, called 1, identi®es single motifs. The second, called 2, permits the inference of a combination of two motifs separated from one another by a range of distances. Motifs of the second type model pairs of sites recognized by a same protein and which, therefore, must stand at a strict distance from one another. Algorithms 1 and 2 were run on three sets of sequences: (i) set A which corresponds to all regions non-coding on both strands located upstream from genes; (ii) set B, which is a subset of A and contains the regions located between divergent genes; and, ®nally, (iii) set C which consists of all regions upstream from ribosomal RNA genes, or genes encoding ribosomal proteins, alone or as part of an operon. The number of sequences and of nucleotides in each set is given in Table 1 . Further details concerning the data and algorithmic approach may be found in Materials and Methods.
Validating the method on test sets
Since the algorithms used are novel, we started by validating them on two test sets. The sets are composed of well-established sequences from E. coli and B. subtilis containing an experimentally determined transcription start or, sometimes, promoter. The sets were obtained from Ozoline et al. (1998) and Helmann (1995) , respectively (see Materials and Methods).
Algorithm 1 was run to extract single motifs of length six or more base-pairs with one substitution allowed for quorums of 5 % (E. coli) and 50 % (B. subtilis). The results are presented in Table 2 . Some motifs appear to be variants of a single motif, both in terms of their labels and of their occurrences (most correspond to approximately the same words in the sequences). The motifs shown in Table 2 are grouped into families; the grouping was done manually.
Pairs of motifs were identi®ed using algorithm 2. To check that the distance between the two parts of a pair is speci®c to most promoter sequences (as suggested in the literature for both bacteria (Record et al., 1996) ), we looked for conserved pairs separated by a distance, d plus or minus 1, where d varied between 9 and 23. Since combined motifs are longer, the quorums were ®xed at a lower value than for single motifs with one substitution allowed: 2 % for E. coli and 10 % for B. subtilis. The results are given in Figure 1 .
In both E. coli and B. subtilis, the statistically most signi®cant motifs (using a w 2 test, see
Materials and Methods) are TATAAT at À10 and TTGACA at À35, separately or as a pair. Interestingly, in E. coli, the motifs were identi®ed at very low quorums only. Higher values of q yielded no signi®cant single or combined motifs (that is, no motifs with probability of appearing by chance below 10 À3 ). In the case of combined motifs, none was found at a quorum of 4 %.
Applying the method to H. pylori
Looking for single motifs Algorithm 1 on set A. Algorithm 1 was run to extract single motifs from the 756 sequences of set A with two different kinds of parameters (0 and 1 substitution for quorums of 25 and 50 %, respectively). The results obtained are presented in Table 3 . Motifs appear manually grouped into families and, inside each family, classi®ed by their statistical signi®cance, as determined by a w 2 test (see Materials and Methods). Only those motifs with a chance probability below 10 À5 (meaning a w 2 value of 19.5 or more) are reported in Table 3 . Motifs with probability between 10 À3 (w 2 value of 10.8 or more) and 10 À5 are submotifs or shifted versions of those presented in Table 3 (results not shown). Six families were obtained and give rise to various comments.
The ®rst is that a shadow of the TATA-box is found among the statistically most signi®cant motifs, in some cases, an exact TATAAT motif (262 occurrences with no error, w 2 of 81.16). The CTAAAA motif included in this family (found with no error) may correspond not to the TATAbox, but to the À35 box of the s 28 in B. subtilis. The positions of the occurrences of many of the motifs of the second and third families represent some of the base-pairs in the so-called Shine-Dalgarno sequence. This is especially true of the occurrences of motifs from the third family (some of the motifs of the second family may correspond to a sequence other than the Shine-Dalgarno). Figure 2 shows the positional distribution for the occurrences (with up to one substitution) of one of the most frequent and statistically signi®cant motifs in family 3, AAGGAG (only the 50 positions upstream from the start of translation are indicated). Indeed, the Shine-Dalgarno sequence is usually located ®ve to ten base-pairs upstream from the translational start codon on the mRNA, Inferring promoters in H. pylori and binds with speci®city to the 3 H sequence of the 16 S RNA molecules in prokaryotes (it is thus also called the RBS, for ribosome binding site). This 3 H sequence is the same in H. pylori as it is in E. coli. It was therefore expected that the motif related to the Shine-Dalgarno sequence in both bacteria would be very similar. This motif is, in general, described as being a substring of AGGAGGTGA (Record et al., 1996) .
The fourth family seems to correspond to a novel motif and will be further examined below.
In some cases, motifs of the ®fth family occur close to one another and may form the stem of a stem-loop structure. One such structure, with Table 2 . Simple motifs found with Algorithm 1 in E. coli and B. subtilis test sets almost the same stem sequences as one of the motifs here (ACGCT twice), is possibly involved in the promoter activity of a Campilobacter coli gene (Kinsella et al., 1997) . Further investigation is needed to assess the relevance of these motifs to gene expression in H. pylori.
Finally, no function can at the present time be proposed for motifs in the sixth family. Inferring promoters in H. pylori Algorithm 1 on set B. The same parameters were used to look for single motifs which are statistically signi®cant in the sequences of set B. The results are given in Table 4 . Only the 40 most statistically signi®cant motifs are shown.
These results generally con®rm and strengthen those obtained by inferring motifs from set A. The motif from family 6 (described above), ATCAAA, was not found to be signi®cant in set B (using a w 2 statistic with one degree of freedom) at a Table 3 . Simple motifs found with algorithm 1 in set A for H. pylori probability below 10 À5 with either choice of parameters (results not shown). Only one seemingly new motif appeared when up to one substitution was allowed. This is motif (T)TTTAAGC (w 2 value of 23.65) located in family 2 of Table 4 . This is very similar to the (T)TTAAG(G) motifs identi®ed either in set A, or when no error was permitted.
Setting the quorum at various other ranges (between 15 % and 30 % for no error, and between 30 % and 60 % for up to one substitution) revealed Table 4 . Simple motifs found with algorithm 1 in set B for Helicobacter pylori Inferring promoters in H. pylori the same main families of motifs (not shown) as listed in Tables 3 and 4 , in particular families 1 to 4, thus reinforcing their robustness. At a higher quorum, motifs from families 5 and 6 were sometimes missing (result not shown). Motif (T)TTTAAGC (Table 3) in particular disappeared when the quorum was 60 % for up to one substitution. It nevertheless has a high w 2 value. Two of the other apparently robust motif families (4 and 5 in Table 4 ) are novel (that is, not previously described). At this point in the analysis, it was premature to assign with con®dence any of Table 5 . Simple motifs found with algorithm 1 in set C for H. pylori these families to binding bacterial promoter sites (such as the one at À35).
Algorithm 1 on set C. Algorithm 1 was run on set C. This produced the results shown in Table 5 . The w 2 values are much lower than those obtained for sets A and B and we are near the limits of the applicability of a w 2 statistic due to the small number of occurrences. The results were, however, con®rmed by Z-scores (values above 10, not shown). These results do not contradict those obtained with sets A and B. Table 5 shows a new motif corresponding to family 6, AATCCCT, when up to one substitution is allowed. The motif could simply refer to a sequence complementary to a ShineDalgarno.
Looking for combined motifs
Algorithm 2 on sets A, B and C. Algorithm 2 was run to extract from sets A, B and C pairs of motifs separated by an user-de®ned interval. We ®rst looked in all three sets for conserved pairs of motifs (overall, one substitution only allowed) separated by various intervals of distances, each motif of length at least six base-pairs. The intervals ranged from (8-10) to (22-24) by increments of 1. The quorum was ®xed at 10 % in all cases. Figure 3 shows the statistical signi®cance of the motifs found for the various ranges, (8-10), (9-11), . . . (22) (23) (24) . Two peaks of unequal height are observed, one situated around 12 bp and the other around 21 bp. The motifs with highest statistical signi®-cance found at and near each peak are indicated in Figure 3 . Only intervals with motifs having Z-scores (not shown in the Figure) above 10 are included.
Running algorithm 2 on set C more clearly de®ned the motifs signi®cant to the two peaks, particularly the second one. Figure 3 shows that only one motif is signi®cant at 10 À3 (w 2 value of 10.8 or more) within the interval (20) (21) (22) . This corresponds to motif TTAAGC followed by TATAAT (w 2 value of 11.34). The motif corresponding to the ®rst peak identi®ed in sets A and B (TTTTAA followed by TATAAT, interval 11-13) remains statistically signi®cant in set C, but less than TTAAGCÂ(20-22)TATAAT.
All motifs found by algorithm 1 appear identi®ed again by algorithm 2. This is particularly true of a TATA-box look-alike preceded by two main types of motifs: one that consists of a run of T nucleotides (in general three or four) followed by Figure 3 . Statistical signi®cance of the observed peak in the distribution of distances between the two elements of the combined motifs found by algorithm 2 in sets A, B and C of H. pylori with a quorum of 10 % and up to one substitution allowed. For this, a w 2 value and a Z-score were calculated (only w 2 values are shown) between the number of occurrences observed in all three sets, against that observed (allowing for the same maximum number of substitutions) on average in shuf¯ed versions of each (1000 simulations were performed). The most pertinent motif identi®ed for each interval is shown above the curves (only for the intervals located at or near a peak).
Inferring promoters in H. pylori a run of A nucleotides (in roughly the same numbers); and the other that we may represent as (T)TTAAG(C/G).
Confirming the results obtained with algorithm 2 using set A and a comparative test with B. subtilis and E. coli. The two combined motifs identi®ed with the highest statistical signi®cance in Set C and potentially recognized by the s 80 factor of H. pylori were TTTTAAÂ(11-13) TATAAT. Combined motifs are composed of essentially two elements: a pair of motifs and the distance between the motifs. Each element in the pair of the above motifs, TATAAT and TTTTAA, more strongly than TTAAGC, appears to be signi®cant (see Tables 3, 4 and 5). To con®rm the statistical signi®cance of the combined motifs, we tried to: (i) TATAAT. The w 2 tests were performed between the number of occurrences observed (allowing for up to two substitutions) in set A against that observed in shuf¯ed versions of set A (1000 simulations were performed), in all three organisms and for a range of distances larger than the one observed here or described in the literature. All curves shown have been locally smoothed in the following way: coordinate i on the x-axis represents in fact the average of the w check the statistical signi®cance of the motifs TTTTAAÂ(11-13) TATAAT in sets A, B and C, this time permitting up to two substitutions and larger intervals of distance between the two parts of each combined motif (Table 6 ); (ii) check the statistical signi®cance of the observed peak in the distribution of distances between the two elements of the motifs found by doing a w 2 test (with one degree of freedom) between the number of occurrences observed (allowing for up to two substitutions) in all three sets and that observed in a shuf¯ed version of the sets, for a range of distances larger than those observed above or known from the literature ( Figure 4) ; (iii) check the``optimality'' of the base present at each position of the motifs (i.e. hoẁ`s trong'' is each base in the inferred consensus for the promoter sequences) ( Figure 5) .
We conducted the same veri®cations with the motif generally described as being the s 70 promoter sequence in E. coli and B. subtilis, TTGACAÂ(15-19)TATAAT, and compared the results. For this purpose, we built sets of sequences A, B and C from the E. coli and B. subtilis genomes (the genomic sequences were retrieved from http://mol.genes.nig.ac.jp/ecoli/ and ftp:// ncbi.nlm.nih.gov/genbank/ $ genomes/bacteria/ Bsub/, respectively) in exactly the same way as from H. pylori (see Table 1 for the number of sequences and of bases obtained in each case). Table 6 and Figures 4 and 5 show that the only combined motifs that are statistically signi®cant (w 2 value with a probability below 10 À5 of being due to chance alone) for both frequency of occurrence and optimality of the distance between the two parts of the motifs are: TTTTAAÂ(11-13) TATAAT in H. pylori, and TTGACAÂ(15-19)TATAAT in B. subtilis.
For H. pylori, the peaks in the distribution of distances between the occurrences in sets A, B or C of 
the pairs (TTTTAA, TATAAT) and (TTAAGC, TATAAT) (Figure 4) , center around the values 12 and 21, respectively. These values are the same as those identi®ed by plotting the w 2 probability of occurrence of the most signi®cant combined motifs extracted by algorithm 2 against the distances allowed between the two parts of the motifs (Figure 3 ).
The TTTTAA motif followed by TATAAT is frequent in the H. pylori genome. The distance between the two motifs peaks at 12. The smaller peak at 21-22 when up to two substitutions are allowed is probably due to an interference with TTAAGCÂ(19-23)TATAAT. A symmetrical phenomenon appears in the plot for TTAAGCÂ(19-23)TATAAT.
No motif, neither those found in H. pylori, nor the classical, TTGACAÂ(15-19)TATAAT, is signi®-cant in E. coli sets A or B, either in terms of frequency, or of distance between the two parts of the motifs. This is surprising, as the E. coli genome is approximately the same size as the B. subtilis genome and is believed to contain fewer promoter sequence families. However, using E. coli set C, the TTGACAÂ(15-19)TATAAT motif is identi®ed as signi®cant (w 2 value of 10.41, just slightly above 10 À3 in terms of probability). This motif appears with no error only once in sets A and B, and never in set C.
Checking for a possibly extended three-part motif for the s 80 promoter in H. pylori. It is possible for motifs TTTTAAÂ(10-14)TATAAT and TTAAGCÂ(19-23)TATAAT to occur together. We therefore tested for the statistical signi®cance of the number of occurrences of TTAAGC (1-5)TTTTAAÂ(10-14)TATAAT and of the strictness of the distances separating any two elements of this putative three-part motif. Table 7 shows that the TTAAGCÂ(1-5)TTTTAAÂ(10-14)TATAAT motif is statistically signi®cant for both aspects in H. pylori. The less frequent TTAAGCÂ (1-5)TTAAGCÂ(10-14)TATAAT motif is equally statistically signi®cant. The central TTAAGC is speci®c to some promoters. Indeed, in the 23 S-5 S and 16 S RNA genes, the TTAAGCÂ (1-5)TTAAGCÂ(10-14)TATAAT motif appears with, respectively, zero and one substitution overall. For TTAAGCÂ(1-5)TTTTAAÂ(10-14)TATAAT and TTAAGCÂ(1-5)TTAAGCÂ(10-14)TATAAT, the peaks in the distances between each pair of adjacent motifs is observed at 4 and 11, respectively (results not shown). These two distances, plus six (the length of TTTTAA or TTAAGC), total 21, which corresponds to the peak of the distances between TTAAGC and TATAAT.
List of the genes flanked in 5
H by the TTAAGCÂ(19-23)TATAAT motif. We then listed all H. pylori non-CDSs and all sequences in set C not present in set A that contain at least one occurrence of the TTAAGCÂ(19-23)TATAAT motif, with zero or one substitution. This revealed that seven such non-CDSs{ have an occurrence of the motif with no error, and 49 with one substitution. The 56 sequences are 64 to 4549 nt long. Five of these 56 sequences, all longer than 1000 nt, were de®ned as non-CDSs by us, although they code for rRNA molecules or tRNA molecules.
A total of 17 of the 56 sequences are at the 5 H end of an operon coding for putative proteins. Ten of the other 39 sequences are upstream from genes coding for elements of the translational machinery, that is, of genes that are strongly expressed. Indeed, the two operons coding for both 23 S-5 S RNA genes possess the motif without error, and the two operons coding for both 16 S RNA genes present the motif with one substitution. Furthermore, the motif appears with zero or one substitution upstream from six ribosomal protein genes or operons. Fifteen of the 20 known genes or operons coding for other ribosomal proteins have the motif with two or three substitutions. The genes for both translational elongation factors (EFs) EF-Tu and EF-Ts are part of operons having upstream of their sequence the motif with up to one substitution. Two non-CDSs containing the motif with up to one substitution are also present in the Cag pathogenetic island (HP0536, HP0546). Table 7 . Number and frequency of occurrence per sequence as well as statistical signi®cance in sets A, B and C for H. pylori, B. subtilis and E. coli of the two possible extensions of the main two-part motifs identi®ed by algorithm 2 in H. pylori { The total could be eight, but in one case, that of a non-CDS upstream from a phage/colicin/tellurite resistance cluster terY protein, the exact occurrence appears some 4200 bases before the start of transcription and is unlikely to be the gene's promoter.
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Similarly, the motif is associated with genes coding for proteins that participate in important cell functions such as cell division, replication and transcription, and for proteins that are well expressed. These include the ®xNOQP operon (HP0144) coding for the subunits of the cytochrome c oxidase that catalyse ATP formation induced by oxygen limitation (which is the case in H. pylori) (Preisig et al., 1993) , the hsdR/hsdM system (HP1402, HP1403), which is a restriction enzyme system of type I, and various proteins with metabolic functions (especially nucleotide metabolism).
Five non-CDSs (HP0103, HP0325, HP0099, HP0231 and HP1559) are located upstream from genes coding for proteins involved in the¯agellar biosynthesis and chemotaxis. These proteins are generally described as being transcribed from a promoter recognized by a s F factor (a s factor that is believed to exist in H. pylori (Tomb et al., 1997) ). The consensus sequence for the s 28 factor (homologous to the s F factor) was ®rst described in B. subtilis (Gilman et al., 1981) as being CTAAA-N16-CCGATTA, and then in E. coli and S. typhimurium (Helmann & Chamberlin, 1987) as being TAAA-N15-GCCGATAA. We were not able to identify any such combined motif with our algorithm, possibly because it is too rare to have been detected with the higher quorums we used. However, the pre®x of the GCCGATAA motif at the À10 site which is recognized by the s 28 protein of E. coli may be related to the suf®x of the TTAAGC motif we suggest for H. pylori. Finally, the s 80 gene in H. pylori possesses the motif TTAAGCÂ(d)TATAAT with one substitution and a spacing of 18 between the two parts.
Discussion
We tried to identify a consensus promoter motif in a given organism (in this case, H. pylori) by considering all non-coding sequences in its genome. This contrasts with the usual approach, which consists of using only a subset of sequences experimentally chosen for containing as promoter. We also tried to extract the consensus in as unbiased a way as possible; in particular, we did not make use of what is known about such motifs in other organisms. To this purpose, we used algorithms that can exhaustively extract from a set of sequences either single motifs or a pair of motifs separated by a distance belonging to an userde®ned interval.
We are thus able to propose a combined motif, TTAAGCÂ(19-23)TATAAT for the s 80 promoter sequence in H. pylori. The box at À10 (TATAAT) is the same as that previously described for E. coli and B. subtilis. The box at À35 and the distance between the two boxes are different. We suggest also that a third motif, TTTTAA, or, sometimes, an approximate repetition of TTAAGC, may be located between these two at an optimal distance of 12 bp from the TATA-box. The frequency of the occurrences of both combined motifs and a simple statistical test suggest that the motifs are pertinent. The TTAAGCÂ(19-23) TATAAT motifs are indeed more frequent (31.35 % and 59.39 %, respectively, with two substitutions at most) in the non-CDS sequences (set A) than, for instance, the classical promoter consensus, TTGACAÂ(15-19)TATAAT, in either E. coli (9.31 %) or B. subtilis (23.30 %){. Furthermore, Table 6 shows that these occurrences are statistically signi®cant. The occurrences of the TTAAGCÂ(19-23)TATAAT and TTTTAAÂ(10-14)TATAAT motifs are not deemed statistically signi®cant either in E. coli nor, in the case of the ®rst motif, in B. subtilis. The second motif, TTTTAAÂ(10-14)TATAAT, seems signi®cant in B. subtilis (less than in H. pylori) but this needs con®rmation. On the other hand, the classical promoter consensus, TTGACAÂ(15-19)TATAAT, is statistically signi®cant in B. subtilis but not in H. pylori, nor, more surprisingly, in the set of noncoding sequences extracted from E. coli. Indeed, running algorithm 2 on E. coli sets A and B and plotting the w 2 of the most signi®cant combined motif against the distances between the two parts of the motifs yielded a¯at curve (result not shown). The classical motif is, however, well conserved, with a high enough level of statistical signi®cance, just upstream from E. coli genes coding for ribosomal RNA molecules or ribosomal proteins. It is also reasonably well conserved, at very low quorums, in the experimental set recovered from Ozoline (1998) (see above). These observations suggest that such sequences present more variability in E. coli than in B. subtilis. In particular, the spacing between the two motifs appears less strict in E. coli than in B. subtilis.
Approximately one quarter of the genes coding for putative proteins in H. pylori and having upstream an occurrence with zero or one substitution of the TTAAGCÂ(19-23)TATAAT motif are elements of the translational machinery (ribosomal RNA molecules, ribosomal proteins and tRNA molecules). These elements are essential, and are abundant in the cells in exponential phase. This further supports the relevance of the motifs identi®ed.
The sequence of the s 80 protein in H. pylori is the most distant when compared to that of the corresponding proteins in other bacteria (Solnick et al., 1997) . A PILEUP analysis of 15 bacterial s 70 sequences (s 80 for H. pylori) showed that the 2.4 region in H. pylori (described as binding the À10 { The classical consensus TTGACAÂ(15-19)TATAAT that thus seems signi®cant, at least statistically speaking, is less frequent in B. subtilis than out TTAAGCÂ(19-23)TATAAT motif in H. pylori. This may be because B. subtilis is believed to have more promoter families (possibly 18) than H. pylori (opossibly only three; (Tomb et al., 1997) .
promoter region on the DNA (Lonetto et al., 1992) and comprising 22 amino acid residues) is identical with that of E. coli except for V 3 I and S 3 A substitutions. In contrast, the 4.2 region in H. pylori s 80 (described as binding the À35 promoter region and containing 29 amino acid residues) differs at nine positions from that in E. coli s
70
. The H. pylori s 80 protein is 30 amino acid residues longer at the N-terminal end of the protein than most s 70 proteins. These observations are in agreement with the fact that the À10 box that we describe for H. pylori is identical with that in E. coli whereas the À35 box is different.
Different hypotheses could be proposed concerning the presence of a TTTTAA motif 10 to 14 bp upstream from the TATA-box in H. pylori. This could be due to the composition of the genome, which is very AT-rich. However, this is unlikely because the motif (A)AATT(T), which may be equivalently explained, was not identi®ed as being statistically signi®cant (result not shown). The structure may also represent an extended À35 motif. A similar extended motif has been suggested by Wosten et al., (1998b) for C. jejuni (see below). Moreover, two nucleotides located one base upstream from the À10 box have been described as an extended À10 motif and are known to bind the 2.5 region of the s 70 protein in E. coli (Barne et al., 1997) . Even if the hypothesis of an extended À35 box were true, we do not know which part of the s 80 protein would bind to it. Finally, a third possibility is that the TTTTAA motif, and overall richness of AT in the region between the two motifs, could bend the DNA to give a structure that would facilitate the binding of the RNA polymerase to the TTAAGC and TATAAT boxes which are approximately 21 nt apart.
Promoter sequences have been identi®ed in C. jejuni (Wosten et al., 1998b) , a bacterium closely related to H. pylori. Wosten et al. (1998b) characterized 11 promoters by cloning chromosomal DNA fragments upstream from a promoterless lacZ gene and transforming C. jejuni with this library. After having identi®ed the transcriptional start of these 11 sequences, the authors aligned them with ten other previously characterized promoters to establish a consensus sequence. In most positions of the consensus, more than 50 % of the sequences contain the same residue. Wosten et al. thus found a TATAAT motif, like ours, for the TATA-box, and a TTAAGTxxTT motif at position À35, whose ®rst ®ve nucleotides are exactly the same as those of our motif, TTAAGC. The following dinucleotide, TT, could correspond to the beginning of the TTTTAA motif found in H. pylori (which is located one to ®ve nucleotides downstream from the À35 motif). If the two T nucleotides in these positions form part of the À35 box in H. pylori, the distance between the two boxes (À35 and À10) would be 17 nt, in agreement with the distance between the À35 and À10 boxes in E. coli and S. typhimurium. Wosten also cloned and sequenced C. jejuni's s protein (Wosten et al., 1998a) . The s factor of C. jejuni encoded by the rpoD gene is 40 % identical with the corresponding protein in E. coli, and 66 % identical with the H. pylori s 80 (also encoded by the rpoD gene). The 2.4 region of the protein that binds to the À10 promoter sequence is conserved in E. coli, C. jejuni and H. pylori. In contrast, the 4.2 region that binds the À35 box is 94 % identical in C. jejuni and H. pylori but is just 56 % identical with that in E. coli. In particular, an isoleucine residue between the two arginine residues that bind the G and the C nucleotides in the classical À35 box is replaced in C. jejuni and H. pylori by a valine residue. The authors thus suggest that the À35 box in H. pylori may have a sequence similar to that of C. jejuni. This view is con®rmed by our results.
Biological experimentation is required to con®rm the validity of the results concerning H. pylori (equivalent experiments have been performed on C. jejuni, which in part con®rm our ®ndings). Several H. pylori genes are only weakly expressed from their own promoters in E. coli (Beier et al., 1998) . This suggests that the whole E. coli RNA polymerase cannot ef®ciently recognize the H. pylori s promoter sequence. It would therefore be interesting to verify whether the promoter corresponding to the consensus described here, TTAAGCÂ(19-23)TATAAT, is recognized by the E. coli s protein. This could be achieved by cloning H. pylori promoters containing our motif in E. coli upstream from the lacZ gene. If, under these conditions, the promoter is not recognized, the experiment could be repeated with E. coli producing the H. pylori s 80 protein, with and without the core of the H. pylori RNA polymerase. If the promoter is activated, it would prove that the motif described here is recognized by the polymerase. Directed mutagenesis could also be used to change one or several bases in the motif, or alter the distance between the two boxes, and determine the effects on the promoter strength. Finally, it would be interesting to knock out the genes containing the TTAAGCÂ(19-23)TATAAT motif with one or two substitutions, especially those corresponding to putative proteins. As our motif is strongly conserved just upstream from these genes, the cell may require them to be well expressed, and they may thus code for proteins with important functions.
Although the approach used has proved to be useful, much remains to be done. In terms of algorithms, we are growing increasingly more sophisticated and ef®cient, even using combinatorial approaches as in this paper. We are, however, lagging behind in the statistical evaluation of the motifs found. This is specially true where errors (substitutions only or, more generally, susbtitutions, insertions and deletions) are allowed, and motifs may be composed of more than one part, with adjacent parts standing at speci®c distances. Typically in our case, identifying the motifs may take between a few seconds to a few minutes. The statistical evaluation using a data shuf¯ing approach may take hours. This will happen when the search for motifs is performed in a very¯exible way (low quorums and high number of substitutions permitted) yielding numerous motifs (e.g. 2000-3000). Of course, this depends also on the number of shuf¯ings one estimates are necessary to obtain reliable statistics.
Purely combinatorial approaches like our own (that may use statistics to evaluate the quality of the results obtained but a posteriori only) allow for a much more controlled and precisely de®ned analysis of the data. However, such approaches require extended practice in their use. In particular, setting the values for the various parameters (length of motifs, maximum number of substitutions allowed and quorum) is currently done by trial and error, or by running repeatedly the algorithm with different sets of values. The quorums used here correspond in general to the highest ones, or close to the highest at which signi®cant motifs, or any motifs at all are found. With time, intuition develops on how best to set these values. Work must still be done to formalize and integrate such intuition directly into the algorithms. A ®rst step in that direction has been made concerning the distance separating the two parts of a combined motif (Marsan & Sagot, 1999) . Precisely de®ning and automating the grouping of motifs into families is also a not trivial task we need to address in the future.
Materials and Methods
The data
Test sets
The two test sets used for initially testing our algorithms consisted in sequences from E. coli and B. subtilis containing an experimentally determined transcript start or, sometimes, promoter. They were obtained from work by Ozoline et al., 1998) and Helmann (1995) , respectively. In both cases, the sequences are aligned on the start of transcription. Sequences for E. coli stop at that point, sequences for B. subtilis have 20 bp more downstream from the transcription start. The E. coli experimental set contains 441 sequences of average length 79 bp, for a total of 35,115 nucleotides. The B. subtilis set contains 131 sequences of average length 99 bp, for a total of 13,099 nucleotides. GC content is 41 % for E. coli, and 32 % for B. subtilis.
H. pylori data sets
The initial data consisted of the set of non-coding sequences extracted from the whole genome of H. pylori that was sequenced and annotated at TIGR (Tomb et al., 1997) and obtained from ftp://ftp.tigr.org/pub/data/ h pylori We de®ned as non-coding, sequences corresponding to regions non-coding on both strands located upstream from genes (taking care of the direction of transcription of the described ORFs). The promoters for some genes may be located in sequences coding for other genes on either the same or the other strand. However, this situation is suf®ciently rare that we chose to ignore these cases rather than run the risk of introducing in our data an unwarranted amount of noise and two possibly different compositional landscapes. We also chose to eliminate from the data all sequences of less than 40 bp long. We deemed that much space is necessary to accomodate (inside a single non-coding region) a promoter, as well as the transcription and translation start points. All sequences that contained a non-standard letter (usually an N) were also discarded, except where this letter appeared farther than 40 bases upstream from the start of translation. In such cases, we included the sequence, from the standard letter (A, C, G or T) to the right of the last N, to the start of translation (few sequences were discarded by this last operation).
The data obtained consisted of a set of 756 sequences (corresponding to set A) varying in length between 41 and 4549 bp (average 223), for a total of 168,709. These sequences are very AT-rich (their content in GC is less than 33 %). The overall GC content of H. pylori is slightly less than 40 %. Some of the sequences may not contain any promoter (i.e. correspond to intergenic regions whose¯anking genes are transcribed in convergent directions) while others may have two (i.e. correspond to intergenic regions whose¯anking genes are transcribed in divergent directions). Regions between divergent genes appear twice in the set, once for each direction. Sets of sequences potentially less noisy than set A were also constructed.
We thus extracted from set A a subset, called set B, composed of the sequences located upstream from genes regulated by two divergent promoters, one on each strand. Set B comprises 340 sequences varying in length between 50 and 4549 bases (average 286), for a total of 97,360 nucleotides.
Finally, we established a third set, called set C. This third set consists of the non-coding regions upstream from genes coding for either a ribosomal RNA or a ribosomal protein, or from operons including ribosomal protein genes. Set C comprises 30 sequences varying in length between 44 and 749 bp (average 235), for a total of 7066 nt. It has a non-empty intersection with set B but is included neither in it nor in set A.
The main information concerning these data is summarized in Table 1 .
The algorithmic approach
The algorithms
The two algorithms used to identify motifs for H. pylori promoters in a set of non-aligned sequences are based on the idea of inferring motifs by¯exibly comparing words in the sequences to an external object, instead of between themselves (Sagot et al., 1995 (Sagot et al., , 1997 Sagot & Viari, 1996; Sagot, 1998) . In our algorithmic papers, we used the term``model'' to designate such objects. A model corresponds to what we have called so far a motif; it is a word over the DNA alphabet AE {A, C, G, T} (Sagot et al., 1995) . A word u in a sequence is then said to be an e-occurrence (or, more simply, an occurrence) of a model m if the minimum number of errors (i.e. mutations corresponding to substitutions, deletions or insertions) necessary to transform u into m is no more than e, where e is a non-negative integer. Here, only substitutions were permitted. For instance, if m is the word ACG, then CCG, GCG, TCG, AAG, AGG, ATG, ACA, ACC, ACT are 1-occurrences (occurrences) of m. In the results given (Tables 1 to 7) , models only are indicated, not their lists of occurrences.
Models are unknown before the algorithm is run, and are recursively constructed in an ef®cient way that allows us to consider only those constantly satisfying a certain constraint that is:
(i) A quorum q: meaning a valid model must have occurrences in at least q different sequences of the set (setting q at less than the total number N of sequences allows us to deal with noisy sets). A model may have more than one occurrence in a same sequence, only one is counted to verify whether the quorum is satis®ed.
Final models must satisfy a further constraint, namely:
(ii) a length: a model length may vary between a minimum and a maximum value ®xed by the user. The maximum value may be the largest for which the model still satis®es constraint (i).
A modi®cation of the algorithms introduced by Sagot et al. (1995 Sagot et al. ( , 1997 Sagot & Viari 1996 allows two models to be constructed simultaneously, each one of which satis®es constraint (i), as well as constraint (ii) where ®nal models are concerned, while the two together further satisfy the following:
(iii) let m and m H be the models; given any occurrence u of m in a sequence s of the set, there exists at least one occurrence u H of m H also in s, such that u comes before u H and the distance between the end position of u and the start position of u H is within an interval (dmin, dmax) where dmin and dmax are non-negative integers ®xed by the user. An equivalent, symmetrical, property must be true also for all occurrences u H of m H . The value of e determining whether a model has an occurrence in a sequence may be ®xed at different levels for the two models. This allows us to ask if one model is better conserved than the other with which it is associated (as is, for instance, the case with the TATA-box in most bacterial promoters). An overall maximum number of errors may also be established. For instance, we may allow up to one substitution in either parts of a combined model, but only one overall. This means that if an occurrence of the ®rst part presents one substitution, its companion (that is, an occurrence of the second part at a right distance) must be exact (and vice versa).
Algorithm 1 corresponds to the one given by Sagot et al., 1995 Sagot et al., , 1997 Sagot & Viari (1996) . The models (motifs) it builds satisfy constraints (i) and (ii) but not (iii). Models (motifs) constructed by algorithm 2 satisfy all three constraints (Marsan & Sagot, 1999) . Such models allow us to identify DNA binding sites recognized by the same protein (e.g. the RNA polymerase). These sites must, for steric reasons, stand at a de®ned distance apart.
A preliminary version of the algorithm is available upon request but only to non-pro®t research organizations. This represents a prototypal core algorithm, not a fully developed software. Its use requires careful understanding of the algorithm and various parameters asked as inputs. Suggestions from biologists concerning possible improvements to the algorithm (in particular as regards extension of its applicability to eukaryotes) are welcome.
Statistical evaluation of the motifs
There are two main types of approaches possible for the assessment of the statistical signi®cance of the motifs found in a set of sequences that could have been adopted: one is based on some theoretical model of the sequences, the other corresponds to the data shuf¯ing approach.
None of the methods of the ®rst type is completely satisfactory for our purposes. Indeed, as we allow substitutions between motifs and their occurrences, we need methods that are able to either deal with such substitutions, or handle multiple exact motifs statistics. Those available (M. Re Âgnier & W. Szpankowski, unpublished results; Reinert & Schbath, 1998; Tompa, 1999) appear too computationally intensive for our purposes. A further complicating factor comes from the fact that we are interested in assessing the statistical signi®cance of the number of occurrences of a motif per sequence, i.e. of distinct sequences with at least one occurrence, and not of the total number of occurrences.
For these reasons, it seemed to us more appropriate to evaluate the pertinence of a motif by using the data-shufing approach (Karlin et al., 1989) . The statistical signi®cance of the models (motifs) found was thus evaluated by performing a w 2 test (with one degree of freedom) on two contingency tables, one corresponding to what is observed, the other to what is expected under the null hypothesis (Press et al., 1993) , and then determining the probability of getting the motifs observed, given the null hypothesis. A thousand random shuf¯ings preserving both the mono and dinucleotide frequency distributions of the original set of sequences were performed to derive the values in the contingency table for the null hypothesis. Another type of statistic, based on a Z-score, was also used.
